Introduction
The oxidative coupling of two enolates provides a direct and convergent method for the construction of 1,4-dicarbonyl motifs (Figure 1) . At the strategic level, application of such transformations during retrosynthetic planning can allow for the concise synthesis of complex molecules by the efficient, and often stereocontrolled, formation of a σ-bond between two functional groups arranged in an otherwise dissonant relationship. One advantage of such a strategy is that it can provide a more streamlined synthesis by avoiding the need for functional group Umpolung or the use of operational equivalents that in many cases can require additional synthetic manipulations. On a tactical level, oxidative coupling represents a powerful methodology for the construction of 1,4-diketones, highly useful precursors to a wide range of useful structures such as pyrroles and furans. The earliest report of such an oxidative enolate coupling dates back to 1935, [1] when Ivanoff and Spasoff demonstrated that the enolate of phenylacetic acid undergoes oxidative dimerization when 1 there have been a number of reports from several research groups demonstrating advances in several neglected areas of oxidative coupling. This microreview summarizes these new advances in methodology and provides an overview of recent natural product syntheses that showcase the power of these transformations.
exposed to dioxygen or molecular iodine. The reported reactions were plagued by low yields and the formation of multiple unwanted side products, and it was not until the 1970s that synthetically useful methods for preparative oxidative enolate coupling were pioneered. In 1971, Rathke and co-workers reported oxidative dimerizations of ester enolates in the presence of Cu II bromide or Cu II valerate to afford substituted succinate esters. [2] In 1975, Saegusa and co-workers reported the use of Cu II chloride as an effective stoichiometric oxidant for the dimerization of ketone enolates, and further demonstrated that intramolecular variants were quite efficient. [3] They also reported cross-couplings of two different enolates to generate unsymmetrical 1,4-diketones, but these required the use of one ketone enolate in a threefold excess over the other. After these reports, various other oxidants were established for the oxidative coupling of enolates; they included Cu II triflate, [4] Fe III chloride, [5] iodine, [6] Ti IV chloride, [7] and Ag I chloride. [8] Contemporaneously, the use of non-enolate carbonyl derivatives for oxidative coupling was also pioneered. This research led to effective methods for oxidative couplings of enol silanes, [9] enamines, [10] and enol acetates. [11] In several instances crosscoupling could also be achieved, but as in the case of lithium enolates this typically came at the expense of one reaction partner.
The synthetic utility of these powerful methods for bond construction has been demonstrated through application in the total syntheses of several structurally diverse natural products (Figure 2 ), including lamellarin G trimethyl ether (1) , [12] rac-chimonanthine (2), [13] rac-folicanthine (3), [14] cisjasmone (4), [3] and rac-hirsutene (5) . [15] Notably, the groups of both Kise and Helmchen developed useful strategies for the stereocontrolled enantioselective synthesis of several lignans, such as ent-hinokinin (6) , through the oxidative dimerization of Evans oxazolidinones. [16] In addition to natural product synthesis, Paquette and co-workers made use of Despite the body of literature pertaining to oxidative enolate coupling that appeared in the last century, it remained a relatively underinvestigated research area. In terms of methodology development, cross-coupling with equal stoichiometry of reacting partners remained a significant challenge, and systems that enabled uniformly high levels of diastereocontrol were underexplored. Moreover, no straightforward catalytic and enantioselective methods for oxidative enolate coupling were available. Beginning with the turn of the new millennium, however, significant advances have been made in all of these areas and have led to several powerful new methods for oxidative enolate coupling. The purpose of this microreview is to summarize these contributions and to provide recent examples of strategic applications of oxidative enolate coupling in the realm of natural product total synthesis. This microreview does not cover related oxidative bond-forming reactions that involve enolates (or derivatives thereof) with aromatic systems, such as electron-rich aryl groups, pyrroles, indoles, and furans. [18] 
Methodology Development
Recent methodological developments in oxidative enolate coupling (the term is used here to broadly describe reactions based on alkali metal enolates, enol silanes, and enamines) have focused on solving the cross-coupling problem, while simultaneously addressing the question of stereocontrol, both relative and absolute. In recent years, several complementary methods for oxidative enolate coupling have been reported and this work is summarized in the following subsections.
Lithium Metal Enolates
In 1971, Rathke and Lindert disclosed a significant advance in the area of oxidative enolate coupling. They showed that when treated with either Cu II bromide or Cu II valerate, the lithium enolates of several esters underwent efficient oxidative coupling to generate succinate derivatives (Table 1) .
[2] Table 1 . Rathke and Lindert's oxidative dimerization.
[a]
[a] Yields refer to isolated yields after vacuum distillation. cHex = cyclohexyl.
Although only six substrates were reported in total, and diastereoselectivities were poor (for 9b and 9c, for example), this work provided much precedent for subsequent work in the field.
In 1975, Saegusa and co-workers reported the use of Cu II chloride to bring about the oxidative coupling of ketonederived lithium enolates. [3] In this early report, they demonstrated that cross-coupled products could be obtained in synthetically useful yields when one enolate was used in excess (Table 2) . Table 2 . Saegusa and co-workers' intermolecular cross-coupling.
[a] Yields refer to isolated yields after chromatography.
Although the power of this approach for the synthesis of simple unsymmetrical 1,4-diketones is clear, the necessary use of a large excess of one ketone limited its use in more complex settings. The enolate used in excess is lost due to competitive dimerization; this situation is of little consequence for the case of acetone, but would become prohibi-3 tive for advanced ketone intermediates en route to complex natural products. It would be 30 years until synthetic chemists returned to this problem.
In 2006, Baran and DeMartino reported the development of a system that enabled selective intermolecular oxidative coupling of lithium enolates with use of equal stoichiometries of the reacting partners for the first time (Table 3) . [19] Table 3. Baran and DeMartino's intermolecular cross-coupling.
A subsequent paper detailing the full scope of the reaction was later published in 2008. [20] Using LDA to generate the appropriate enolates, they found that subsequent addition of Fe III or Cu II oxidants enabled the formation of cross-coupled 1,4-dicarbonyl compounds derived from oxazolidinones or oxindoles with ketones or esters (Table 3) . Good yields were obtained across a range of diverse substrates, and in some cases preparatively useful levels of diastereocontrol were observed. The cross-coupling reactions of Evans oxazolidinones offer an especially concise route to enantioenriched products that are useful precursors to natural products (see later for example), whereas the use of α-substituted oxindoles afforded products containing newly forged quaternary stereocenters. As well as further establishing the range of useful compounds that could be prepared by this powerful reaction, the 2008 publication also provided some insight into the reaction. The stereochemical outcome for the Fe II -mediated oxidative coupling of phenylacetyl oxazolidinones (i.e., Table 3 , 15a-d) was the opposite of that obtained for related dihydrocinnamyl derivatives under Cu II -promoted conditions (i.e., Table 3 , 15g-i), a somewhat surprising result. For enolate alkylations of Evans oxazolidinones, the expected relationship between the auxiliary and the α-stereocenter is syn, as is observed for the Cu II -promoted reactions. In an effort to reconcile the anti stereochemistry observed for the Fe III -mediated reactions with the expected outcome for Evans auxiliaries, Baran and co-workers showed that exposure of the "syn" isomer 16 to LDA followed by acidic enolate quenching led to complete inversion of the Ph-bearing stereocenter to produce anti isomer 16 (Scheme 1). Scheme 1. Anomalous stereochemical outcome explained.
It thus appeared that for phenylacetyl adducts the α-stereocenter is sufficiently acidic that the presumed initial syn adduct of oxidative coupling undergoes base-promoted epimerization to give the observed anti configuration.
In addition to these interesting substrate-based stereochemical quandaries, different reaction outcomes were found depending upon the oxidant employed, which was interpreted as being due to differing mechanisms for Cu Table 4 . Casey and Flowers' studies on Li-enolate aggregation effects of oxidative cross-coupling.
[a] Ratios and yields determined by NMR spectroscopy. CTAN = ceric tetra-n butylammonium nitrate. good yield (although typically this would undergo epimerization to the "anti" isomer). In contrast, for the Cu-based oxidations, mechanistic studies revealed little preference for oxidation of the ketone enolate over the oxazolidinone enolate. Selective coupling was therefore proposed as a consequence of favorable formation of a Cu-bound bis-enolate Figure 3 ). Once again, the crosscoupled product was isolated in good yield, with the major diastereomer consistent with the intermediacy of a species such as bisenolate 23. Together, these models also serve to explain the higher than statistical yields for the cross-coupled products over dimers.
Whereas the studies of Baran and co-workers provided important insights into the cross-coupling of lithium enolates, subsequent work reported by Flowers and Casey in 2011 presented spectroscopic and mechanistic results showing that the selective generation of cross-coupled products for the ketones they investigated was the result of heteroaggregation of the lithium enolates (Table 4) . [21] Using 7 Li NMR spectroscopy, they showed that 1:1 mixtures of different Li enolates (i.e., A and B) tended preferentially to form heteroaggregates (A 2 B 2 ) and that the ratio of the heteroaggregate to the monomeric aggregates (A 4 + B 4 ) correlated well with the ratio of cross-coupled to homocoupled products obtained upon oxidative coupling (Table 4) . These fascinating and important studies revealed a level of complexity to the situation that had not previously been recognized, and provided key insights for future development of cross-coupling reactions (and the interpretation of results).
In 2011 we reported the use of stereoselective oxidative enolate dimerization of enantioenriched monoketal dihydroquinones for the assembly of nonracemic biphenols (Scheme 2). [22] Treatment of the readily prepared enone precursors 27a or 27b [23] with LDA followed by Cu II chloride forged the hindered central σ-bond linking the two rings within the dione products 28a or 28b. We had reasoned that conformational rigidity about this bond would enable transfer of the point chirality present in the dimers to the axial chirality present in the aromatized biphenol products (i.e., 29). We thus found that Lewis-acid-induced loss of methanol with simultaneous keto-to-enol tautomerization afforded the desired biphenols in good yields and with complete transfer of stereochemical information from starting material to product. The dimerization process itself is interesting in that an amplification of enantiopurity from the monomer is observed, due to loss of the minor enantiomer through formation of a meso isomer. [24] Scheme 2. Traceless stereochemical transfer from 1,4-diketones. Reagents and conditions: (a) LDA (1.1 equiv.), CuCl 2 (1.15 equiv.), THF/DMF, -78°C to room temp., 1.5 h. (b) BF 3 ·OEt 2 (15.0 equiv.), toluene, 110°C, 12 h. Reprinted from ref. [22] Copyright 2011 American Chemical Society.
In an effort to expand the scope of this method for the synthesis of nonracemic biphenols, we devised an enantioselective synthesis of aryl-substituted enones (i.e., 30, Table 5 ) by modifying chemistry reported by Hayashi and co-workers [25] for the asymmetric conjugate addition of arylzinc reagents. We thus prepared a selection of aryl-substituted monomers and demonstrated that the oxidative dimerization/stereochemical transfer process proceeded as well as for the alkyl derivatives. [22] [a] Yields refer to isolated yields after chromatography. Enantiomeric ratios determined by HPLC.
This new method for the concise preparation of enantioenriched axially chiral biphenols has potential applications for the synthesis of new ligands for asymmetric catalysis, and has already found use in natural products synthesis (see later).
We conclude this section by describing attempts by Nguyen and Schäfer to develop enantioselective oxidative coupling. [26] In their 2001 report, Nguyen and Schäfer showed that generation of the titanium enolate of acyl oxazolidinone 33 (Table 6 ) with Fe(Cp) 2 BF 4 as the stoichiometric oxidant allows for effective oxidative dimerization to produce 34. The use of chiral additives in stoichiometric quantities provided the product in good yields, but with varying levels of diastereo-and enantioselectivity. Unfortunately, whereas the best additive for enantioselectivity (i.e., G, Table 6 , Entry 7) provided the product in 76 % ee, the ratio of dl/meso isomers was only 1:3. Additional substrates were not reported, but although this reaction is somewhat limited it does provide a possible template for future efforts in the design of methods for the enantioselective oxidative coupling of enolates.
Silyl Bis-Enol Ethers
In 1998, Schmittel and co-workers reported that silyl bisenol ether 35 (Scheme 3) undergoes intramolecular oxidative coupling when treated with Ce IV ammonium nitrate (CAN) to generate diketone 36 in good yield with high levels of diastereocontrol.
[27] Scheme 3. Schmittel's silyl bis-enol ether coupling.
In addition, they showed that cross-coupling could also be achieved when unsymmetrical silyl bis-enol ethers were utilized: bis-enol ethers 37a and 37b thus gave rise to diketones 38a and 38b, respectively. Although only four substrates were examined in total, the formation of diketone 38b from bis-enol ether 37b represented the first time that highly stereoselective cross-coupling had been achieved. As such, the concept of silicon-tethering represents a powerful strategy for developing a general method for controlled oxidative coupling that should have broad utility in natural products synthesis. Our own research group sought to expand upon these preliminary findings of Schmittel with this long-term goal in mind.
In 2007 we reported the development of a general method for oxidative cross-couplings of 2-methyltetralone (39, Table 7 ) to afford unsymmetrical 1,4-diketones (i.e., compounds 42) with simultaneous generation of quaternary stereocenters. [28] Although the room for modification of the tetralone component was somewhat limited, the reactions displayed good substrate scope for the methyl ketone component (representative examples shown), yielding 1,4-diketones in good yields. As had been a criterion from the outset, www.eurjoc.orgthe synthesis of the unsymmetrical silyl bis-enol ethers could be conducted with use of only 1.1 equiv. of 40, negating the need for a large excess of one reacting partner. Table 7 . Silyl bis-enol ether cross couplings of 2-methyltetralone.
[a] Yields refer to isolated yields after chromatography. LDA = lithium diisopropylamide; CAN = ceric ammonium nitrate.
After these initial studies, we investigated the diastereoselective synthesis of linked bicyclic diketones from silyl bisenol ethers. Initial studies focused on the dimerization of cyclohexanone via bis-enol ether 43 (Table 8) . [29] As an important benchmark, it was known from the literature that dimerization of the lithium enolate of cyclohexanone gave low yields and poor diastereocontrol slightly favoring the meso isomer 45. [30] We prepared several silyl bis-enol ethers with varying silicon substituents, and noted enhanced bias towards the chiral diastereomer 44 with larger substituents. Ultimately, we found that diisopropylsilyl bis-enol ether 43d gave the best combination of high diastereoselectivity and chemical yield (Entry 4, Table 8 ).
We explained the inherent preference for the chiral isomer over the meso isomer by invoking two possible reactive conformations during carbon-carbon bond formation in the intermediate radical-cation species (Figure 4) . Confor- The developed reaction conditions proved remarkably general for the stereoselective dimerization of cyclic ketones (47a-c, Table 9 ). Table 9 . Diastereoselective dimerizations and cross-couplings.
[a] Yields refer to isolated yields after chromatography. Diastereomeric ratios determined by 1 H NMR spectroscopy. CAN = ceric ammonium nitrate.
Highly diastereoselective cross-coupling could also be achieved (47d-i, Table 9 ), and in the cases in which one reaction partner possessed a β-substituent (such as carvone) an added element of facial control was observed. As expected, the newly forged σ-bond formed opposite to the β-disposed substituent (47g-i, Table 9 ). The uniformly high diastereoselectivities observed for both dimerization and cross-coupling are the highest yet reported and should pave the way for future applications in complex molecule synthesis.
For all the cases discussed thus far, the silyl bis-enol ethers had been formed from the corresponding enolates generated by deprotonation of the immediate ketone precursors. We speculated that it should be possible to form silyl bis-enol ethers (i.e., 50, Table 10 ) by trapping of enolates generated through conjugate addition to appropriate enone starting materials (i.e., 48). In this way, 1,4-addition would allow for a merged three-component sequence when coupled with a subsequent oxidative carbon-carbon bondforming event.
[31] Table 10 . Merged conjugate additions/oxidative cross-couplings.
[a] Yields refer to isolated yields after chromatography. CAN = ceric ammonium nitrate; DTBP = di-tert-butylpyridine.
The reactions displayed generality for a variety of different substrates, allowing a concise route to structurally diverse 1,4-diketones in reasonably good yields over the two-step merged sequence (i.e., 48 Ǟ 51). A subsequent Paal-Knorr pyrrole synthesis demonstrated the usefulness of this methodology for the synthesis of substituted pyrroles and led to application of this approach to the total synthesis of prodigiosin alkaloids (see later).
Enamine Catalysis
In 1992, Narasaka and co-workers reported efficient oxidative cross-couplings of preformed enamines with enol silanes upon treatment with Ce IV ammonium nitrate (Table 11) . [9] Although the majority of the examples in this publication reported cross-coupling with enamine 52 to generate stable enamine products (i.e., 54), there was one isolated example of a cross-coupling with a morpholine-derived enamine that afforded the corresponding 1,4-diketone.
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[a] Yields refer to isolated yields after chromatography. CAN = ceric ammonium nitrate.
The scope of this chemistry went largely unexplored until the MacMillan group creatively leveraged their expertise in enamine organocatalysis to develop the first, and to date the only, method for catalytic enantioselective oxidative coupling (Table 12) . [32] Under the reported reaction conditions, two equivalents of an enol silane 56 will undergo oxidative bond formation (promoted by Ce IV ammonium nitrate) with an aldehyde 55 in the presence of 20 mol-% of an organocatalyst (A). For the wide variety of substrates reported, the yields of the 1,4-dicarbonyl adducts 57 were high and the enantioselectivities obtained were uniformly excellent. Table 12 . MacMillan and co-workers' enantioselective couplings.
[a] Yields refer to isolated yields after chromatography. Enantiomeric excesses determined by GC or SFC analysis. CAN = ceric ammonium nitrate; DTBP = di-tert-butylpyridine.
This report is especially promising for new directions in oxidative enolate coupling because it demonstrates that catalyst-controlled enantioselective variants are possible and paves the way for further exciting developments in the future.
www.eurjoc.org
In 2010, Jia's group developed a new method for the direct construction of symmetrical pyrroles through oxidative dimerizations of aldehydes in the presence of amines (Table 13) . [33] In these reactions, the amines 59 serve not only to facilitate pyrrole formation through the Paal-Knorr pyrrole synthesis, but also promote oxidative coupling through initial enamine formation. Optimum yields were obtained with silver acetate as the stoichiometric oxidant. Although currently limited to the construction of symmetrical pyrroles, the Jia group has successfully employed this methodology in the rapid total syntheses of numerous pyrrole-containing natural products (see later section). Table 13 . Jia and co-workers' oxidative dimerization.
[a] Yields refer to isolated yields after chromatography. OAc = acetate, PMP = 4-methoxyphenyl.
Natural Product Synthesis
Paralleling the development of new methods for oxidative coupling there have been a number of significant applications of oxidative coupling to the successful syntheses of a variety of different natural products. The range of structures targeted and methods employed serve to demonstrate the great power of oxidative coupling reactions when they are deployed strategically in total synthesis. The following section summarizes this recent work and is divided into sections dealing with dimerizations, cross-coupling reactions, and intramolecular versions.
Oxidative Dimerization

The Lomaiviticin Aglycone
Lomaivaticins A (61, Figure 5) and B (62) are two incredibly complex glycosylated natural products isolated from a fermentation broth of a species of actinomycete. [34] Their potent DNA-strand-cleaving abilities arise due to the presence of the rather unusual diazo functionality, a feature they share with the biogenetically related kinamycin molecules. [35] Structurally, the aglycon core of the lomaiviticins is dimeric, and it is therefore most likely that the biosynthesis of these compounds occurs through the oxidative dimerization of a suitable monomeric precursor, such as 63.
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Date From a strategic standpoint, when contemplating a total synthesis of the lomaiviticins, this symmetry leads to the logical conclusion that such a dimerization strategy should enable the most efficient synthesis. The question is then one of tactics to deal with the complexity of this approach. Major issues facing this oxidative dimerization strategy via an enolate are the possibility of elimination of the β-hydroxy group and the question of diastereofacial control. In their published work directed towards the lomaiviticins, Shair and co-workers utilized tricyclic ketone 64 to deal with each of these issues (Scheme 4). [36] The oxo-bridged [2.2.1] bicyclic ketone 64 ensures excellent diastereocontrol for the exo-face, whereas geometric constraints limit the facility of E1CB decomposition of the intermediate enolate under the reaction conditions. The complex polycyclic 1,4-diketone 65 was thus formed in 45-51 % yield as a single stereoisomer. Further elaboration of dione 65 gave rise to the hydrate 66, which underwent a controlled fragmentation of the oxo-bridge under basic conditions to install the requisite tertiary alcohol with simultaneous displacement of the sulfone with methoxide. The central core of the lomaiviticin aglycon (i.e., 67) was thus constructed with complete stereocontrol in only four steps from the monomeric ketone 64.
In a subsequent publication in 2010, Shair and coworkers reported the successful oxidative coupling of a more fully elaborated precursor that contained all the required rings associated with the lomiaviticin aglycon (Scheme 5). [37] Synthesis of the precursor for oxidative coupling (i.e., 68) proceeded by an approach related to that used for the less complex monomer 64 (Scheme 4). Under conditions similar to those used for the successful dimerization of 64, ketone 68 underwent a highly stereoselective and high-yielding oxidative dimerization to generate the complex dimer 69 in 72 % yield after allyl group removal. The stereochemistry of adduct 69 was confirmed by X-ray crystal analysis. The combination of these two reports from the Shair lab suggest that a robust route to the natural product is in place and highlight the power of oxidative coupling to forge sterically congested bonds. Herzon's group opted to take a more direct approach and to tackle the problem of dimerization of a more fully elaborated monomeric precursor already containing the diazo functionality (akin to 63 in Figure 5 ). This maximally convergent approach led to the first synthesis of the lomaiviticin aglycon in 2011 (Scheme 6). [38] Preparation of the requisite monomeric ketone 70 was carried out by methods related to those used in the Herzon lab's preparation of the kinamycins. [39] After extensive studies into conditions for oxidative dimerization (Ͼ1500 experiments), it was found that treatment of the TMS enol ether 71 with Mn III hexafluoroacetoacetate produced a 26 % yield of the desired 1,4-diketone 72, along with a 12 % yield of the undesired isomer possessing the bis-epimeric stereochemistry across the linking σ-bond. Use of the exomesityl acetal proved crucial in obtaining a facial preference for 72. Deprotection of the diol function produced the aglycon of lomaitviticin B (i.e., 74) in 39 % yield. Isolation of the keto form corresponding to lomaiviticin A (i.e., 73) was also possible, although this was shown to convert rapidly into 74 on standing in chloroform. Although the reported yields for the transformations remain modest, the rapid escalation of complexity achieved over this two-step sequence of oxidative coupling and deprotection is truly impressive and serves once more to demonstrate the power of oxidative coupling.
Scytonemin
Scytonemin (77, Scheme 7) is a unique cyanobacteriaproduced alkaloid based on a dimeric 1,1Ј-linked cyclopent[b]indol-2(1H)-one nucleus. [40] Inspired by biosynthetic studies by Balskus and Walsh, [41] Mårtensson and coworkers prepared ketone 75 in seven steps from indol-3-ylacetic acid and showed that dimer 76 is readily generated when the lithium enolate of 75 is treated with FeCl 3 .
[42] The diastereoselectivity of this coupling was inconsequential; after cleavage of the methyl ethers with BBr 3 , DDQ-mediated oxidation afforded the natural product 77 (28 % over two steps from 76).
Purpurone and Related Alkaloids
Alkaloids of the lamellarin family have been keenly pursued by synthetic chemists owing to their diverse array of biological activities, including antitumor activity, HIV-1 integrase inhibition activity, and reversal of multidrug resistance. [43] Of particular interest are those members that are potent inhibitors of ATP-citrate lyase (ACL), because these compounds have incredible therapeutic potential in cancer www.eurjoc.org treatment. Included among these alkaloids is the ACL inhibitor purpurone (81, Scheme 8). [44] Recognizing the importance of this family of alkaloids, Jia's group developed a general method for the direct construction of dimeric pyrroles from simple amine and aldehyde precursors (see previous section) and initially targeted purpurone for total synthesis by this method. The Jia synthesis began with this key transformation. Silver(I)-mediated oxidative dimerization of the enamine derived from condensation of amine 79 with aldehyde 78 provided direct access to the key pyrrole intermediate 80. [33] The remainder of the synthesis followed methods developed by Steglich, [45] allowing the authors to complete a concise six-step synthesis of purpurone that proceeded in 13 % overall yield, making it the most rapid and efficient synthesis of this alkaloid reported to date.
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Oxidative Coupling of Enolates, Enol Silanes and Enamines
After completion of this work, Jia and co-workers were also able to demonstrate the versatility of their method by employing it in the total syntheses of four related natural products ( Figure 6 ). [46] In each case the central pyrrole could be accessed in rapid fashion through the use of this powerful method, allowing each natural product to be constructed in seven or fewer synthetic manipulations and with high overall efficiency. 
Bismurrayaquinone A
The curry leaf plant has been the source of numerous biologically active carbazole natural products. Amongst these compounds are a number of dimeric carbazoles, such as the unusual biquinone bismurrayaquinone A (87, Scheme 9). [47] Biosynthetically, it is hypothesized that such compounds originate from oxidative coupling of monomeric phenols, and this approach was successfully employed by Bringmann and co-workers in their inaugural synthesis of racemic 87. [48] Although this strategy is optimally convergent, control of absolute stereochemistry is challenging. Our previous methodological study on the dimerization of ketones as precursors to enantioenriched biphenols (see previous section) served as the primary driving force behind our bidirectional approach to bismurrayaquinone A (87). Oxidative dimerization of enantioenriched monomer 27a proceeded to afford the 1,4-diketone 28a, which was converted into the biphenol 29a with no loss of optical purity upon treatment with BF 3 ·OEt 2 . Conversion of 29a into the bis-aniline derivative 86 by a Buchwald-Hartwig amination set the stage for the crucial Pd-catalyzed carbazole-forming reaction, which after oxidative demethylation led to bismurrayaquinone A (87).
An earlier approach had formed the carbazolequinone ring system from a biquinone, but afforded racemic 87. These observations led to a comprehensive study into the configurations of axially chiral biquinones and established the barrier to racemization of 87 as 54 kcal mol -1 (the natural product is configurationally stable at room temperature). Unfortunately, at this point no data exist as to whether the naturally derived material exists in enantiomerically enriched form or is a racemate. Regardless, the synthesis served to provide a demonstration of the usefulness of oxidative coupling for the synthesis of axially chiral natural products.
Oxidative Cross-Coupling
Bursehernin
The dimeric lignan natural products have been attractive targets for total synthesis through oxidative dimerization. The concise enantioselective synthesis of hinokinin (see Figure 2), for example, was achieved through the oxidative dimerization of the appropriate Evans oxazolidinone. [16] Application of such approaches to the synthesis of unsymmetrical lignans remained elusive, however, until the contributions of Baran and co-workers. Using their oxidative cross-coupling methodology they were able to conduct an efficient synthesis of enantioenriched bursehernin (91, Scheme 10). [19, 20] The key cross-coupling event was con- 
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ducted with an excess of the less "expensive" ester 89 to afford the unsymmetrical 1,4-dicarboxylate 90 as a 1.6:1 mixture of stereoisomers. This modest diastereocontrol adjacent to the tert-butyl ester was inconsequential; reduction of the unpurified mixture and treatment of the resulting alcohol with DBU induced lactonization and equilibration of the diastereomeric mixture to afford the target 91 in 41 % yield as a single diastereomer. This synthesis served to demonstrate the strategic utility of this powerful method for intermolecular cross-coupling.
Metacycloprodigiosin and Prodigiosin R1
The prodigiosins are a family of polypyrrole natural products that have attracted much interest from the chemical community due to their interesting structures, pronounced biological activities, and fascinating biosynthesis. [50] As part of our development of the merged 1,4-addition/oxidative coupling sequence of silyl bis-enol ethers (see Table 10 ), we targeted metacycloprodigiosin (98, Scheme 11), a 12-membered cyclophane prodigiosin. [29] Our synthesis commenced with an enantioselective conjugate addition of EtMgBr to enone 92, followed by trapping with chloroenol silane 93. 2 O, dichloromethane, -50°C to 0°C, 1 h. (h) 1. Pd(PPh 3 ) 4 (3 mol-%), 1-(tertbutoxycarbonyl)pyrrole-2-boronic acid, Na 2 CO 3 , DME, 80°C; 2. NaOMe, MeOH, room temp., 76 % over three steps. CAN = ceric ammonium nitrate. Tf = trifluoromethanesulfonyl.
Exposure of unpurified bis-enol ether 94 to CAN induced the desired oxidative coupling to generate 1,4-diketone 95 in 35 % yield over the two-step sequence. The yield for this sequence was a little disappointing because related substrates lacking the terminal alkenes gave yields greater www.eurjoc.orgthan 50 %, but we were happy to press forward because of the efficient nature of the sequence, which readily allowed access to the otherwise challenging unsymmetrical diketone. Ring-closing metathesis to form the 12-membered ring, followed by condensation with ammonium acetate, gave rise to the pyrrole nucleus 96 in good yield. From here, a selective oxidation of the methyl group in 96 set the stage for a vinylogous aldol condensation to afford 97, which underwent Suzuki cross-coupling with 1-(tert-butoxycarbonyl)pyrrole-2-boronic acid to give the natural product 98. This short sequence thus enabled the first enantioselective synthesis of metacycloprodigiosin (98) and established its absolute configuration for the first time. [51] The usefulness of this silicontethered method for oxidative cross-coupling was further demonstrated by the synthesis of prodigiosin R1 (99) by the same strategy.
Maoecrystal V
The complex polycyclic norditerpene maoecrystal V (106, Scheme 12) [52] poses several challenges to any synthetic attempt and has led to a number of creative approaches, [53] and one completed total synthesis to date. [54] Perhaps foremost amongst the challenges is how to devise a convergent fragment coupling about the centrally located carbon-carbon bond possessing vicinal quaternary substitution. In their model study directed towards maoecrystal V (106), Baran and co-workers utilized an intermolecular oxidative cross-coupling of enol 100 and cross-conjugated siloxydiene 101 to produce 1,4-diketone 102 in 46 % yield (Scheme 12).
[53b] Redox state adjustments led to the synthesis of linked bicyclic dione 104 in five steps from 102 and set the stage for an intramolecular Diels-Alder reaction to deliver a cycloadduct incorporating the core features of the nature product (i.e., 105). The cycloadduct 105 was shown, however, to possess the incorrect relative stereochemistry required for the natural product, which led to the develop- 
Intramolecular Oxidative Coupling
Stephacidins A and B and Avrainvillamide
Stephacidin B (107, Figure 7 ), a unique fungi-derived metabolite, is one of the most structurally complex natural products known. [55] Formally, 107 is a dimer of the simpler compound avrainvillamide (109), which arises from oxidation of stephacidin A (108). Common to these alkaloids is the presence of the bicyclo[2.2.2]diazaoctane core, which is believed to be derived biosynthetically from an intramolecular Diels-Alder reaction. Although such approaches have enabled the total syntheses of related compounds, [56] Baran and co-workers sought to apply a different strategy. Rather than form the common bicyclo[2.2.2]diazaoctane core through the more precedented Diels-Alder reaction, Baran and co-workers viewed these compounds as ideal targets for exploration of the strategic application of oxidative enolate coupling (Scheme 13). [57] Diketopiperazine 110 could be readily prepared in a minimal number of operations, setting the stage for the key oxidative coupling event.
At that time there were no examples of effectively couplings between ester enolates and enolates derived from amides. After screening of a number of oxidizing reagents, Fe III acetoacetate was found to be the most effective, and exposure of diketopiperazine 110 to LDA and Fe(acac) 3 under the optimized conditions afforded the desired product 111 as a single diastereomer in 61 % yield.
The power of the reaction is evident in that it could be conducted on a gram scale without diminished yields. MOM removal and subsequent conversion of the methyl ester to afford the corresponding disubstituted alkene 112 was carried out as a prelude to the final ring-closing step. Thermal Boc removal and cyclization at 240°C furnished ent-stephacidin A (ent-108) in 45 % yield. Partial reduction of the indole ring in ent-108, followed by oxidation with selenium dioxide, then provided ent-avranvillamide (ent-109), which was shown to undergo a spontaneous and reversible dimerization to afford ent-stephacidin B (ent-107). [58] Access to these compounds in optically enriched form enabled the Baran lab to establish that the absolute configuration of the natural material was the opposite of that of their synthetic compounds (i.e., as shown in Figure 7 above). From a purely synthetic viewpoint, the successful implementation of an intramolecular oxidative enolate coupling between two different functionalities embedded within a complex precursor amply serves as an example of the utility of such reactions in total synthesis.
Actinophyllic Acid
In 2005, Quinn and co-workers reported the structure of actinophyllic acid (119, Scheme 14) . [59] This indole alkaloid, isolated from the leaves of Alstonia actinophylla, was shown to be an inhibitor of carboxypeptidase U and was thus of interest for its potential in treating cardiovascular disorders. From a structural viewpoint, the unprecedented combination of both a 1-azabicyclo[4. The crux of the synthesis began with the key intramolecular oxidative enolate coupling between the malonate and ketone functionalities in the readily prepared indole 113 (Scheme 14). [60] Exposure of 113 to LDA, followed by the addition of [Fe(DMF) 3 Cl 2 ][FeCl 4 ], forged the key keto-bridged hexahydroazocino[4, 3-b] indole ring system in 60-63 % yield. Noteworthy aspects of the construction of this particular bond are that it did not require protection of the indole subunit and could be performed effectively on a 10 gram scale. 1,2-Addition of a vinyl Grignard reagent into the bridging carbonyl group in 114 took place with complete diastereocontrol, due to the shielding afforded by the exo tertbutyl ester substituent, to deliver alcohol 115. Cleavage of the N-Boc group, followed by exposure to paraformaldehyde in the presence of camphorsulfonic acid, initiated the planned aza-Cope/Mannich cascade, to provide 117 cleanly via intermediate 116. Exposure of 117 to neat TFA, followed by treatment of the resulting acid with methanolic HCl, enabled the generation of methyl ester 118, which was isolated as its TFA salt. Ultimately, this sequence was reduced to a single one-pot transformation of allylic alcohol 115 into ester 118 in 62 % yield. Completion of the synthesis entailed a stereoselective aldol reaction of the lithium enolate of 118 with monomeric formaldehyde to install the furan ring, followed by acidic hydrolysis of the ester. Actinophylic acid was thus prepared in just five steps from the readily accessed indole 113 (or eight steps if the aza-Cope/ Mannich sequence of 115 Ǟ 118 was carried out in stepwise fashion). Subsequent work elaborated the enantioselective 14 synthesis of actinophylic acid (119) from enantioenriched indole 113.
[60b] The tactical combination of intramolecular oxidative enolate coupling and the aza-Cope/Mannich reaction seen in this concise synthesis is a particularly effective example of seamless synthetic planning involving very few function group manipulations between key bond-forming events.
Axinellamine A
The intricate structures of the pyrrole alkaloids derived from marine organisms, such as axinellamine A (124, Scheme 15), have caught the imaginations of synthetic chemists across the globe. [61] In 2012, Harran and coworkers reported an approach to the core structure of axinellamine A that takes advantage of hidden symmetry within the compound to simply the approach significantly. [62] Scheme 15. Harran and co-workers' approach to axinellamine A. Reagents and conditions: (a) (iPrCp) 2 The readily prepared tetracyclic compound 120 was treated with KHMDS and diisopropyltitanocene dichloride to generate a putative extended titanocene dienolate, which underwent γ-selective oxidative coupling when treated with Cu II triflate. The dimer 121 was thus produced in 55 % yield as a 1.2:1 mixture of C 2 -symmetric and meso diastereomers that were readily separable. Alkene reduction and halogenation of the acyl pyrrole groups set the stage for an intriguing base-promoted ring contraction to afford the spirocyclic species 122 as a mixture of isomers. This mixture could be transformed successfully into bisguanidinium salt 123 by a five-step sequence involving oxidation state adjustment and intramolecular cyclization. This concise route to the core structure of these fascinating natural products demonstrates the power of symmetry within synthetic planning, which in this case is made possible through an efficient oxidative dimerization of an extended dienolate.
Conclusions
Recent developments in oxidative enolate coupling have seen the advent of new and highly effective methods that allow for the controlled cross-coupling of enolates, often with high levels of stereocontrol. Highly diastereoselective processes are now possible through the use of silicon tethers, and in the cases of aldehydes as substrates high enantioselectivities can now be achieved through the use of organocatalysis. Mechanistic insights into the nature of lithium enolate aggregation in solution have begun to answer questions as to why certain conditions allow for selective cross-coupling beyond what would be statistically expected. The combination of these methodological and mechanistic advances should pave the way for future advances into this important reaction class.
The field as it currently stands has already seen impressive applications of oxidative enolate coupling in the realm of natural product synthesis. The diversity of complex substances outlined in this review highlights the versatility of oxidative cross-coupling and showcases the power of these reactions when utilized strategically in synthetic planning. Future applications in the context of increasingly more complex molecules should further drive the development of more general and useful methodologies. [63] 
